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Abstract: With the rising atmospheric CO2, crops will assimilate more carbon. Yields will increase
in terms of carbohydrates while diluting the content of protein and minerals in compound pig
feed, calling for an altered formulation with more protein and less carbohydrate crops to maintain
its nutritional value. Using crop response data from CO2 exposures in a linear modeling of feed
formulation, we apply a consequential life cycle assessment (cLCA) to model all of the environmental
impacts and socio-economic consequences that altered crop yields and chemical composition at
elevated CO2 levels have on feed formulation, targeting altered amino acid contents rather than
overall protein. An atmospheric CO2 of 550 µmole mole−1 gives rise to a 6% smaller demand for
land use for pig feed production. However, feed produced at this CO2 must include 23% more
soymeal and 5% less wheat than at present in order to keep its nutritional value. This counteracts the
yield benefit. The monetized environmental cost of producing pig feed, where sunflower and soy
contribute the most, equals the direct feed price in both scenarios. If external costs were internalized,
honoring the Rio Declaration, feed prices would double. In contrast, the future composition of pig
feed will increase the direct price by only 0.8%, while the external cost decreases by only 0.3%.
Keywords: amino acids; compound pig feed formulation; consequential life cycle assessment; cLCA;
land-use changes (LUC); monetized environmental impact; protein crops; starch (energy) crops
1. Introduction
During this century, the rising atmospheric carbon dioxide concentration (CO2) is expected to
increase crop yields due to increased carbon assimilation, for example in wheat grains, by 10% [1].
On the other hand, the higher carbon uptake causes increased starch content, and consequently also a
dilution of the relative protein and mineral content in food and feed crops [2]. Additional consequences
of future atmospheric CO2 include altered patterns of temperature and precipitation, which together
with regional changes, e.g., ozone pollution and nitrogen (N) fertilization, will further modify plant
growth and its chemical composition.
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The animal feed market, which currently absorbs approximately 45%, 58%, and 80% of the
world cereal, maize, and soy, respectively [3], is likely to be affected by such changes in crop yield
and composition. In fact, since the composition of animal feed for intensive livestock production is
carefully optimized in order to meet both the applying legislation and the nutritional requirements in
a cost-effective manner, any change in both the chemical composition and the yield of feed crops will
affect the future formulation of the feed.
Although the environmental consequences of the forecasted future increases in meat (and thus feed)
demand have been overly studied (e.g., references [4–6]), there are no studies, to the authors’ knowledge,
that have attempted to address the environmental impacts related to the changes that a higher CO2
would induce to the feed market. From an environmental perspective, a (CO2-induced) higher crop
yield would contribute to reduce both the land use and the land-use changes that are associated with
increased demand for animal feed. On the other hand, lower protein content would trigger an increased
need for protein-rich crops such as soybeans, which in turns would involve an increased land-use
change, the environmental impact of which may be considerable (e.g., references [7–9]). Yet, it is not
clear which effect would dominate over the other. Further, a change in protein content has to be
addressed with regards to the specific amino acids affected, as a change in some non-essential amino
acids (e.g., proline) is rather useless for the overall feed composition.
Focusing on the effects of elevated CO2 alone, this study endeavors to assess the environmental
consequences, the associated environmental cost, and the direct price of compound pig feed based
on the yield and chemical composition of crops grown at the “present” atmospheric CO2 (taken at
380 µmole CO2 mole−1 dry air) and at a “future” CO2 (550 µmole mole−1 dry air by 2050 [10]).
From this point onwards, the former will be referred to as “present feed”, and the latter will be
referred to as “future feed”, with the understanding that these are both compound feeds. Further,
the socio-economic consequences are, in this study, represented by the sum of the direct price and the
cost of environmental impacts (so-called shadow price) of producing compound pig feed. Compound
feed means multi-component animal feed produced at a competitive price to satisfy all of the nutritional
and technical needs in terms of carbohydrates, protein, oils, fiber, enzymes, vitamins, etc.
2. Materials and Methods
2.1. Life Cycle Assessment (LCA) Model
Consequential life cycle assessment (cLCA, e.g., references [11,12]) modeling was used to assess
the environmental burdens of producing one extra tonne (the functional unit) of pig feed produced
today (present CO2 scenario) and in a future with 550 µmole CO2 mole−1 (future CO2 scenario).
The life cycle impact assessment was carried out using the stepwise method, which allows
for the full monetarization of environmental impacts (expressed in €2003). This method combines
characterization models from IMPACT2002 + v2.1 and EDIP2003 and is further described in
reference [13]. The assessment was facilitated with the LCA software Simapro® 7.3.3. Translating all
of the environmental impact into monetized costs enables the selection and presentation of the most
important environmental impact categories causing the socio-economic impacts of compound pig
feed (other impact categories are presented in Supplementary). Biogenic carbon (C), including soil C
changes and C sequestration by feed crops, was included in all of the calculations in order to allow for
a transparent carbon balance, as described by reference [14].
Background LCA data were taken from the Ecoinvent v.2.2 database [15], while foreground data
were essentially related to the cultivation, yield, and chemical composition of the crops used in feed
formulation. These are described in Section 2.4 and Supplementary. The geographical scope considered
for the foreground system was Denmark, i.e., the pig feed was considered to be manufactured for the
Danish market. The Danish example is taken as representative for most industrialized countries in a
temperate climate.
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2.2. LCA System Boundary
All of the processes affected by the production of one tonne of pig feed, i.e., from crop cultivation
to harvest, and up to the mixing of the feed, were included within the LCA system boundary. Direct as
well as indirect land-use changes were also included in the study (Section 2.4). As the focus of
the study is on the production of the feed itself, processes downstream from the feed production
(e.g., consumption by the animals) were excluded, as these were outside of the study’s scope.
Based on the cLCA principles, system expansion was performed for all of the feed ingredients
affected by the considered change of atmospheric CO2.
2.3. Feed Formulation and Life Cycle Inventory (LCI)
2.3.1. Formulation of Present and Future Pig Feed
To apply a market-based approach, the commercial feed formulation software Bestmix® [16]
was used to establish both the present and future feed formulation for piglets, sows, and slaughter
pigs (a feed mix consisting of 20% piglet feed, 20% sow feed, and 60% fattening pig feed was
considered, because this is what is used in a normal pig life cycle). Through optimization algorithms,
Bestmix® formulated the best compromise between profitability, nutritional value, and animal health,
while ensuring that the Danish and European legal requirements of the feed were met. This procedure
allowed determining the exact ingredient proportions constituting the present and future pig feed.
One important input to Bestmix® is the chemical composition of crop ingredients, in terms of
starch, protein, amino acids, macronutrients, and micronutrients. Another important input parameter
to Bestmix® is the price of feed ingredients. However, as the aim of this study is primarily to investigate
the consequences of altered crop composition, and since no reliable estimate is available on future
crop prices, the prices of crop ingredients under a high CO2 future were taken to be equal to the
present prices.
The chemical composition of all of the crop ingredients, when grown under today’s atmospheric
CO2, was established based on the Danish Pig Research Centre feed ingredients database [17]. Data on
the yield and chemical composition of the crop ingredients grown at 550 µmole CO2 mole−1 was
established based on data from growth experiments with increased CO2 exposure taken from the
scientific literature. Reliable data was only found for the four main crop ingredients (Table 1):
namely wheat, barley, soy, and rape, which together make up 89% of the present pig feed by dry
weight (Table 2).
Since there is a large variability reported in the literature for plant responses to elevated CO2,
the following principles for selection of the best data were adopted. Results from Free Air Carbon
Dioxide Exposure (FACE) systems were assumed to provide the most reliable data, since they represent
the most realistic growing conditions, although FACE responses are typically smaller than for other
exposure systems, see e.g., references [18,19]. When FACE data were not available, data from open-top
chambers (OTC), from outdoor closed-top chambers (CTC), or from climate chambers were used,
in that order of ranking. As crops respond differently to elevated atmospheric CO2 with different
climatic or other abiotic or biotic conditions, exposure experiments that were performed near to
where the feed ingredients that were considered in this study were grown were preferred over other
studies. Even with the same exposure technique, all of the studies give different results for each year,
and with each plant species, it varies with the studied cultivar. Under these conditions, either the
best available reference was applied for each species and chemical component, or data from meta
studies were applied. When data for future chemical content was not found for a given component
(e.g., amino acids), the future content was presumed to be the same as today. The chosen data sources
are summarized in Table 1.
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2.3.2. Life Cycle Inventory (LCI) Data for Crop and Non-Crop Ingredients
Crop Ingredients
The LCI of crops grown in Denmark (wheat and barley) was based on a recent Danish
consequential LCI dataset [14], which comprises all of the processes involved during the cultivation
stage, up to harvest. This includes the tillage activities, liming, seed propagation, plant protection,
fertilization, sowing, harvest, and transport from farm to field. A sandy soil has been considered
for both crops, as well as precipitations of 964 mm y−1 and removal (harvest) of the straw. LCI data
from the Ecoinvent (v.2.2) database were used to model the cultivation of imported soybean (Brazil),
rapeseed (Germany), sunflower (Spain), and palm oil (Malaysia). Other important foreground data for
crop ingredients are thoroughly described in the appendices.
Industrial Amino Acids
As shown in Table 2, two types of industrial amino acids are included in the assessed pig feed:
industrial amino acids produced by fermentation (lysine, threonine, and tryptophan) and industrial
amino acids produced synthetically (dl-methionine). Based on reference [19], a generic recipe was
considered for 1 kg of amino acids produced by fermentation; 1 kg of sugar (from sugar beet), 0.5 kg
of maize starch, 0.5 kg of wheat starch, 0.3 kg of liquid ammonia, and 36 MJ of process energy at
the plant. In this study, the recipe was supplemented with 0.053 kg of sulfuric acid per kg amino
acid, and 4.6 g of phosphorous based on data from the Danish lysine supplier (see Supplementary).
Under Danish production conditions, the energy consumption was estimated at only 18 MJ, which was
supplied as electricity (50%) and natural gas (50%). On the basis of reference [20], it was assumed that
the production of 1 kg of dl-methionine required 0.43 kg of propylene, 0.27 kg of hydrogen sulfide,
0.39 kg of methanol, 0.21 kg of hydrogen cyanide, and 7.4 MJ of process energy at the plant, which was
supplied by electricity (50%) and natural gas (50%).
Enzymes
No specific LCI data were found for the added enzymes (phytase, xylanase). Instead, published
LCA data for phytase (i.e., characterization results for global warming, acidification, nutrient
enrichment, photochemical ozone formation, land use, phosphorus consumption, and energy
consumption) were used for both types of enzymes [21].
Other Ingredients
In the absence of LCI data for the vitamins added to the compound pig feed, these ingredients
were calculated as for enzymes. LCI data for limestone meal (CaCO3), monocalcium phosphate (MCP),
phosphoric acid, and sodium chloride (NaCl) were taken from the Ecoinvent (v.2.2) database. LCI data
for fish meal were taken from the LCA food database (“industrial fish, ex harbor”, as available in
Simapro 7.3.3).
2.4. Land-Use Changes (LUC)
In order to quantify the environmental consequences of land-use changes, three main steps
are required: (i) determining the total land area undergoing conversion to cropland; (ii) identifying
which land types (i.e., biomes) are converted; and (iii) determining the changes in carbon flows from
these conversions. Direct and indirect land-use change (LUC) have been extensively studied over
the past decade for all of the major global ecosystems [8,22–25]. LUC also impacts biogeochemical
cycling [26,27] and biodiversity [28], but these aspects have not yet been sufficiently quantified, and can
therefore not be included in the present analyses.
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2.4.1. Land Conversion: Determination of the Area and Geographical Location (Steps i and ii)
In this study, a deterministic explorative approach based on crop yields (Table 1), carbohydrate
content, lysine content, and historical market trends has been used in order to determine the
above-mentioned steps (i) and (ii). This is further described below. As a starting point, the LUC
involved in this study may be classified in two distinct categories: (a) those triggered by the
displacement of carbohydrates crops, and (b) those triggered by the displacement of oil crops.
The former represents the LUC resulting from the cultivation of crops whose increased demand
(as a result of producing one extra tonne of Danish pig feed) involves the displacement of a
carbohydrate crop. This can be illustrated by the case of wheat (Figure 1). As shown in Figure 1,
an extra demand of one tonne of Danish pig feed induces a need for an additional 480 kg of wheat
(present feed) and 460 kg of wheat (future scenario). These figures were determined from Bestmix®
data, as presented in Table 2.
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Figure 1. Consequential life cycle assessment (LCA) model for wheat grown (a) at the present CO2 and
(b) at the future CO2. Dotted lines indicate avoided flows. All of the flows are related to the functional
unit, i.e., 1 tonne of compound Danish pig feed.
In a country such as Denmark, where 65% of the total land is used for cropland, and where policies
have been adopted in order to double the forested area (nowadays representing ca. 13% of the total
land [29]), very limited conversion from forest or similar nature types is realistic. Most likely, the land
that is needed to grow this extra wheat will be taken from actual Danish cropland, which means that
one crop cultivated today will be displaced. Such a displaced crop is, in cLCA, referred to as the
marginal crop. In this study, the margi al crop was assumed to be spri g barley (a carbohydrate
crop), bas d o references [30,31]. The environmental consequences of cultivating wh at instead of
spring barley represent, in this ca e, the so-called direct l nd-use changes ( LUC). Indirect land-use
changes (ILUC), on the other hand, represent the environmental consequences that are related to how
this missing supply of Danish spring barley will be supplied on the world market. Such increased
crop production may stem from increased yield, which is also referred to as intensification, or from
land conversion to cropland, which is also referred to as agricultural land expansion. As illustrated
in Figure 1, and as in many ILUC or LCA studies (e.g., references [32–35]), this study includes the
environmental impacts of the latter only.
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Similar to wheat, an increased demand for land in Europe in order to cultivate the barley, rapeseed
meal, and sunflower meal (Table 2) resulting from an extra demand of Danish pig feed was considered
to take place at the expense of spring barley. The process flow diagrams for these crops are illustrated
in Supplementary.
An extra demand for soybean meal, rapeseed meal, sunflower meal, and palm oil also implies
an interaction with the vegetable oil market (category “b” above). For the latter, this interaction is
straightforward. For the three former, the interaction is indirect and happens as oil is co-produced with
the desired meal. This can be illustrated with the case of soybean meal (Figure S3 in Supplementary).
Increased soybean meal production involves increased soy oil co-production, causing a decrease in
palm oil production (palm oil being identified as the marginal oil, on the basis of the references [30,31]),
and consequently also a decrease in the co-produced palm meal (a source of both protein and
carbohydrates), inducing, somewhere in the world, an increase in the production of a marginal
protein and carbohydrate feed crop. Since the production of a marginal protein interacts with
the oil market again, a loop system is thus created, and this loop should be stopped at the point
where the consequences are so small (or the uncertainties so large) that any further expansion of the
boundaries would yield no significant information for decision support [36]. Such flows are illustrated
in Supplementary for all of the crops interacting with the oil market. A substitution ratio of 1:1 was
assumed, i.e., that 1 t of a given vegetable oil would replace 1 t of the marginal oil (palm oil), since it is
the long-term effect of the demand that should be guiding for decisions in LCA [37]. In other words,
the supply of goods and services was assumed to be fully elastic, and accordingly, short-term effects
are not captured.
For LCA models of soy, rape, and sunflower that all involve the displacement of palm meal
as a result of the above-described oil loop, soybean meal was identified as the reacting marginal
protein [30,31]. Being the market covering the greatest share of the worldwide increase in soybean
production [38], soybean from South America (Argentina and Brazil) was identified as the market
reacting to an extra demand for soybean meal. Based on a similar logic, palm fruit cultivation from
Southeast Asia was identified as the one reacting to an extra demand.
When applying a deterministic approach to land-use changes in LCAs, it has been a common
practice to determine the amount of marginal protein crop (here soybean meal) reacting to a decrease
in palm meal production on the basis of the protein content of these meals, e.g., references [23,31,39].
However, it is the composition of the protein in terms of amino acids, or rather in terms of the limiting
amino acids, that matters for feed. The most important limiting amino acid in pig feed is lysine.
Therefore, the reacting amount of soybean meal has been identified on the basis of the lysine content
of the meals (Supplementary).
For fermentation-based amino acids, which are produced from of a mix of different crops
(Supplementary), the same principles as described above were applied. For each crop system, all of
the details of the inventory data that were used for determining the area and geographical location
of the land converted are presented in Supplementary. Further, it has been considered, on the basis
of reference [34], that only 80% of the new soy and carbohydrates demand is supplied through
land expansion, while this was 70% for palm oil. The remaining production must be supplied by
the intensification of existing areas (the various types of intensification pathways and the extent
to which each is driven by crop prices is discussed in reference [40]. As previously highlighted,
the environmental impacts of such intensification were not included in this study. With input-driven
intensification, the reduced environmental impact associated with increased crop yield is countered by
the environmental impact of an increased use of fertilizers, pesticides, and machinery, among others.
2.4.2. Environmental Consequences of Land Conversion
The dLUC consequences, in terms of changed C and N flows, of cultivating a given crop in Europe
instead of spring barley have been included and modeled on the basis of the data from reference [14].
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In order to quantify the releases of carbon due to the land converted to cultivate soybean,
palm fruit, or the reacting carbohydrate mix, the soil and vegetation carbon data from the Woods Hole
Research Centre, as published in reference [8], was used. This allowed the calculation of the CO2
emitted during land conversion (i.e., step (iii) referred to in the first sentence of Section 2.4), where the
following has been considered:
• 25% of the carbon in the soil is released as CO2 for all types of land-use conversion, except when
forests are converted to grassland, where 0% is released;
• 100% of the carbon in vegetation is released as CO2 for all of the forest types as well as for tropical
grassland conversions, while 0% is released for the remaining biome types (e.g., shrub land,
non-tropical grassland, chaparral).
The results of this calculation are shown in Supplementary; flows were annualized (distributed
equally) over 20 years, which is in line with most LUC calculations used by European policy makers [41].
A similar procedure has also been applied by reference [35].
2.5. Direct Cost
Based on today’s market prices for all of the ingredients (as available in Bestmix®), the price of
one tonne compound pig feed for the present and future atmospheric CO2 were calculated.
3. Results and Discussion
3.1. Changes in Crops’ Chemical Composition and in the Compound Feed Formulation
Table 1 shows the established present and future chemical composition of wheat, barley, soymeal,
and rape meal used as input to Bestmix® [16]. The optimization performed in Bestmix® determined
that one tonne of compound pig feed produced under the future relative to the present atmospheric
CO2 will contain 5.1% less wheat, 23% more soy, unchanged amounts of barley, rape, and sunflower,
18% more beet molasses, 65% more hemoglobin meal, 16% less amino acids produced by fermentation
(lysine, threonine, tryptophan), and varying amounts of other minor ingredients (Table 2). The results in
Table 2 thus support the hypothesis that pig feed based on wheat, barley, and rape grown in Northern
Europe under higher CO2 will need a higher supplement of protein as well as less carbohydrate
ingredients. Table 2 also highlights that both present and future feed consist of at least 46% wheat,
25% barley, 9% soy meal, 7% rape meal, and 4% sunflower seeds; these five ingredients making up
approximately 93% of the feed.
3.2. Environmental Impact
Characterized LCA results are presented in Figure 2, with a focus on the four socio-economically
most important impact categories, which were identified through normalization (Section 3.4);
human toxicity in terms of non-carcinogenic organics and respiratory inorganics (PM2.5);
nature occupation; and global warming. The results for all of the other evaluated impact categories are
given in Supplementary (Figures S8 and S9).
The environmental impact of producing one extra tonne of compound pig feed was expected
to decrease in the high CO2 future due to the higher yields (and thus lower land use) caused by the
higher CO2 uptake from the atmosphere. However, even though the yield increases were found to
be large, e.g., 10% for wheat and 28% for rape, the net land use did not decrease to the same extent.
The net reduction in land use per tonne of pig feed was found to be around 6%. Unexpectedly, this did
not lead to a net fall in greenhouse gas emissions per tonne of feed; on the contrary, it increased by 9%
for crops grown at the future CO2 (explained in detail in Supplementary, Figure S10). This is essentially
due to the change in feed composition, where considerably more soybean meal, which involves the
conversion of biomes with relatively high C stock, is required under a high CO2. This is reflected in
Table 2 and Figure 2.
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However, the biggest differences are found for the impact categories of respiratory inorganics
(fine particles) and non-carcinogenic human toxicity (17% increase and 18% decrease, respectively).
Again, these differences between the present and future CO2 scenarios can be explained by the change
in the feed’s chemical composition, especially the increased need for soy meal and decreased need for
wheat at elevated atmospheric CO2.
Nearly all of the impacts are due to the crop-based ingredients, i.e., the sum of others (non-crop
ingredients) is infinitesimal (reflected in Figure 3 discussed in Section 3.4). For non-carcinogenic human
toxicity, rape and wheat are the biggest contributors (caused by rape and wheat cultivation, but the
effect of wheat will be greatly reduced by the displaced barley; Figure 1). For respiratory inorganics,
soy and wheat are the major contributors (caused by soy and wheat cultivation, but the effect of wheat
will be greatly reduced by the displaced barley, and that of soy will be somewhat reduced by soy oil
displacing palm oil; see Figure S3 in Supplementary), while rape contributes negatively (mainly due
to displaced palm oil; Figure S4). Regarding natural occupation, all of the main crop ingredients
contribute, and sunflower the most (due to the low yield of sunflower cultivation and the displaced
barley; Figure S5). For global warming, soy is the biggest overall contributor (71% of its contribution
is caused by indirect land-use change, 19% by soy oil displacing palm oil; Figure S3), followed by
barley. These observations emphasize that each crop ingredient in compound pig feed contributes
differently to the various environmental impacts of the feed based on their content, and that ILUC
is important in the calculation of the overall GWP (Global Warming Potential) of feed production,
second only to crop and displaced crop cultivation. Cultivation of the main crops (photosynthetic
carbon uptake) as well as the reacting carbohydrate crop cultivation all contribute negatively to the
GWP impact (Supplementary, Figure S10).
Sustain bility 2018, 10, x FOR PEER REVIEW  8 of 19 
Again, these differences between the present and future CO2 scenarios can be explained by the change 
in the feed’s chemical composition, especially the increased need for soy meal and decreased need 
for wheat at elevated atmospheric CO2. 
Nearly all of th  impacts are due to e crop-b sed ingredients, i.e., the sum of others (n n-crop 
ingredients) is infinitesimal (reflected in Figure 3 discussed in Section 3.4). For non-carcinogenic 
human toxicity, rape and wheat are the biggest contributors (caused by rape and wheat cultivation, 
but the effect of wheat will be greatly reduced by the displaced barley; Figure 1). For respiratory 
inorganics, soy and wheat are the major contributors (caused by soy and wheat cultivation, but the 
effect of wheat will be greatly reduced by the displaced barley, and that of soy will be somewhat 
r duce  by soy oil displacing palm oil; see Figure S3 in Supplementary), while rape contributes 
negatively (mainly due to displaced palm oil; Figure S4). Regarding natural occupation, all of the 
main crop ingredients contribute, and sunflower the most (due to the low yield of sunflower 
cultivation and the displaced barley; Figure S1.5). For global warming, soy is the biggest overall 
contributor (71% of its contribution is caused by indirect land-use change, 19% by soy oil displacing 
palm oil; Figure S3), followed by barley. These observations emphasize that each crop ingredient in 
compound pig feed contributes differently to the various environmental impacts of the fe d based 
on their content, and that ILUC is important in the calculation of the overall GWP (Global Warming 
Potential) of feed production, second only to crop and displaced crop cultivation. Cultivation of the 
main crops (photosynthetic carbon uptake) as well as the reacting carbohydrate crop cultivation all 
contribute negatively to the GWP impact (Supplementary, Figure S10). 
 
Figure 2. Relative environmental impacts of producing one tonne of compound pig feed under future 
and current CO2 for the socio-economically four most important impact categories. The dots represent 
the net value of the environmental impact, i.e., the positive minus the negative values. Eq: equivalents; 
PM2.5: ultrafine particles; AA ferment.: amino acids produced for feed by fermentation processes 
(lysine, threonine, tryptophan). 
R
el
at
iv
e 
en
vi
ro
nm
en
ta
l i
m
pa
ct
 o
f c
ro
ps
 in
 o
ne
2
to
nn
e 
of
 c
om
po
un
d 
pi
g 
fe
ed
 a
t t
he
 fu
tu
re
 C
O
2 
-
co
nc
en
tra
tio
n 
re
la
tiv
e 
to
 th
e 
pr
es
en
t, 
%
-100
0
100
200
300
pr
es
en
t [
CO
2]   
fu
tu
re
 [C
O 2
]         
pr
es
en
t [
CO
2]   
fu
tu
re
 [C
O 2
]          
pr
es
en
t [
CO
2]   
fu
tu
re
 [C
O 2
]         
pr
es
en
t [
CO
2]   
fu
tu
re
 [C
O 2
]   
 
No
n-
ca
rc
. h
um
an
 to
xi
ci
ty
 (k
g 
C 2
H 3
Cl
-e
q)
        
Re
sp
ira
to
ry
 in
or
ga
ni
cs
 (k
g 
PM
2.
5-
eq
)         
Na
tu
re
 o
cc
up
at
io
n 
(m
2  a
gr
ic
. l
an
d)
        
Gl
ob
al
 w
ar
m
in
g 
(k
g 
CO
2-e
q)
   
 
 
   
   
   
   
   
   
   
   
   
10
0 
%
 (
45
.8
)
   
   
   
   
   
   
   
  8
2 
%
   
10
0 
%
 (
0.
39
)
   
 1
17
 %
   
10
0 
%
 (
11
17
)
 9
4 
%
 
 1
00
 %
 (
61
3)
   
10
9 
%
Impact categories 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
  
 
--------------------------------------------------------------------------------------------------------- 
AA ferment. 
Barley 
Palm oil 
Rape 
Soy 
Sunflower 
Wheat 
Sum of others
Figure 2. Relative environmental impacts of producing one tonne of compound pig feed under future
and current CO2 for the socio-economically four most important impact categories. The dots represent
the net value of the environmental impact, i.e., the positive minus the negative values. Eq: equivalents;
PM2.5: ultrafine particles; AA ferment.: amino acids produced for feed by fermentation processes
(lysine, threonine, tryptophan).
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Table 1. Chemical composition and yield of wheat, barley, soy, and rape at the present (380 µmole mole−1) and future (550 µmole mole−1) atmospheric
CO2 concentrations.
Chemical Composition
Wheat, Denmark Barley, Denmark Soy, Argentina/Brazil Rapeseed, Germany
Present 1 Change 2 (%) Future 7 Present 1 Change 3, 4 (%) Future Present Change 3 (%) Future Present 1 Change 5 (%) Future
Total Dry Matter, % 85 0 85 85 0 85 88 unknown unknown 89 unknown unknown
Starch (g/kg) 670 +7.5 720 630 +4.1 4 660 27 unknown unknown 19 unknown unknown
Raw Protein, % 9.5 −14 8.2 9.7 −15 3 8.2 47 −1.4 46 35 −4.6 33
Amino Acids (g/kg)
Lysine 2.3 −10 2.0 2.6 unknown unknown 26 unknown unknown 15 −2.5 14
Methionine 1.3 −17 1.1 1.4 unknown unknown 5.7 unknown unknown 6.0 −4.3 5.7
Cystine 1.9 −17 1.6 1.8 unknown unknown 5.8 unknown unknown 7.0 −5.4 6.6
Threonine 2.2 −21 1.8 2.4 unknown unknown 16 unknown unknown 12 −1.8 11
Tryptophan 0.93 −17 0.77 0.93 unknown unknown 5.7 unknown unknown 3.3 −3.1 3.2
Isoleucine 2.8 −22 2.2 2.7 unknown unknown 18 unknown unknown 11 −3.1 10
Leucine 5.2 −19 4.2 5.1 unknown unknown 32 unknown unknown 20 −3.7 19
Histidine 1.9 −16 1.6 1.7 unknown unknown 11 unknown unknown 8.1 −3.9 7.7
Phenylalanine 3.6 −14 3.1 3.7 unknown unknown 21 unknown unknown 11 −1.9 11
Tyrosine 2.4 −16 2.0 2.3 unknown unknown 16 unknown unknown 8.2 −2.6 8.0
Valine 3.5 −8 3.2 3.6 unknown unknown 20 unknown unknown 14 −3.4 13
Macroelements (g/kg) (4)
Calcium 0.43 −15 0.36 0.43 4.8 0.45 3.5 unknown unknown 8.5 −1.5 8.4
Phosphorus 2.6 −4 2.5 3.0 −4.6 2.8 6.8 unknown unknown 11 1.8 11
Sodium 0.085 −6 0.080 0.17 unknown unknown 0.18 unknown unknown 0.36 0.1 0.36
Potassium 5.0 −1 4.9 4.8 0 4.8 22 unknown unknown 13 0.3 13
Magnesium 1.0 −7 0.95 1.0 −3.3 0.99 3.2 unknown unknown 4.7 0.8 4.8
Sulphur 1.1 −13 0.96 0.94 −5.0 0.89 3.6 unknown unknown 6.5 −6.1 6.1
Microelements (mg/kg) (4)
Iron 27 −18 22 29 −11 26 260 unknown unknown 230 1.0 230
Manganese 25 −3 24 12 unknown unknown 47 unknown unknown 68 −2.6 66
Zink 34 −13 30 24 −13 21 48 unknown unknown 65 −5.6 61
Yield (t fm ha−1) 6.8 6 +11% 5 7.3 5.0 6 +20% 8 6.0 3.4 9 +15% 10 3.9 3.8 11 + 5.0% 12 4.0
1: reference [17]; 2: Based on OTC data in reference [19]; 3: reference [42], meta-data; 4: reference [43], FACE data; 5: reference [44], FACE data, extrapolation assuming linear responses to
elevated CO2, 6: reference [14]; 7: reference [1], FACE data, extrapolation assuming linear responses to elevated [CO2]; 8: reference [45], OTC data; 9: reference [31]; 10: reference [46],
FACE data; 11: reference [38], average 2005–2010; 12: reference [47], RERAF chamber data.
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Table 2. Ingredients in Danish pig feed for piglets, sows, and slaughter pigs, and their weighted average, produced at the present (380 µmole mole−1) and
future (550 µmole mole−1) atmospheric CO2 concentrations. Amino acids produced by fermentation include lysine, threonine, and tryptophan. Dl-methionine is
chemically synthesized.
Product Main Function in the Feed Sow Feed (20%) Piglet Feed (20%) Slaughter Pig Feed (60%) Weighted Average Pig Feed
Present Future Present Future Present Future Present Future Absolute Change Relative Change
Percent by Mass (Dry Weight Basis) kg percent
Wheat Energy 52 50 46 44 47 45 48 46 −25 −5.1%
Barley Energy 25 25 25 25 25 25 25 25 0.0 0.0%
Soy meal Protein 6.0 8.6 19 20 6.9 9.4 9.2 11 +22 +23%
Rape meal Protein 4.0 4.0 0.0 0.0 10 10 6.8 6.8 0.0 0.0%
Sunflower meal Protein 6.0 6.0 0.0 0.0 5.0 5.0 4.2 4.2 0.0 0.0%
Beet molasses Energy 2.0 2.0 0.50 2.0 2.0 2.0 1.7 2.0 +3.0 +18%
PFAD oil, palm fatty acid distillate Energy and technical aid 1.3 1.3 1.5 1.3 1.3 1.3 1.3 1.30 −0.39 −2.9%
Limestone meal (CaCO3) Production requirement 1.4 1.3 0.86 0.85 1.3 1.3 1.2 1.2 −0.25 −2.1%
Amino acids (fermentation) Production requirement 0.37 0.28 0.73 0.66 0.48 0.40 0.51 0.43 −0.81 −16%
Salt, sodium chloride: Production requirement 0.43 0.42 0.46 0.50 0.50 0.44 0.48 0.45 +0.02 +6.3%
Monocalcium phosphate: Production requirement 0.64 0.66 0.88 0.94 0.22 0.23 0.43 0.47 +0.34 +5.5%
Protein (from fish): Protein 0.00 0.00 2.00 2.00 0.00 0.00 0.40 0.40 0.00 0.0%
Vitamins Production requirement 0.59 0.59 0.20 0.20 0.20 0.20 0.32 0.32 0.00 0.0%
Phytase and xylanase Health, economy, environment 0.04 0.04 0.14 0.14 0.08 0.08 0.08 0.08 0.00 0.0%
Dl-methionine (synthetic) Production requirement 0.00 0.00 0.10 0.11 0.00 0.01 0.02 0.03 +0.03 +14%
Hemoglobin meal Protein 0.00 0.00 1.00 1.7 0.00 0.00 0.20 0.34 +1.4 +65%
Formic acid, calcium salt PH-adjustment 0.00 0.00 0.80 0.80 0.00 0.00 0.16 0.16 0.00 0.0%
Sum 100 100 100 100 100 100 100 100
Note: PFAD—Palm Fatty Acid Distillates.
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Amino acids produced by fermentation contribute negatively to each of the main impact categories.
This is because sugar production (one of the substrates in the fermentation process producing amino
acids) gives rise to by-products (molasses and pulp), which can substitute the use of marginal
carbohydrates for animal feed. The saved carbohydrates production (and the land-use changes
it generated) had a greater negative impact than the positive impact from the consumed sugar
substrate (see Figure S7a in Supplementary). Yet, these effects are of course highly dependent upon
the data quality that is used to model them. As three crop ingredients are used to produce these
amino acids (Figure S7a–c in Supplementary), and as each of these crops involve at least three
co-products, a considerable degree of uncertainty is introduced in the model, as a result of the
numerous assumptions involved regarding the displacement effects (i.e., system expansion).
3.3. Direct Cost
Data for direct market prices of all of the ingredients were added up for each pig growth stage
(Table 3). Based on the present prices of commodities and the altered content of future feed, an increase
in the direct costs for future pig feed was estimated at €1.92 per tonne of pig feed, which represents an
increase of only 0.8% on top of the current price of €250.39 per tonne.
Table 3. Differences in direct costs for present and future compound pig feed, on the basis of
today’s prices.
Present CO2 Future CO2 Difference
Sows, 200 kg feed €47.69 €48.14 €0.45
Piglets, 200 kg feed €60.92 €61.05 €0.13
Slaughter pigs, 600 kg feed €141.78 €143.12 €1.34
Total pig feed, 1000 kg €250.39 €252.31 €1.92
Per cent 100% 100.77% 0.77%
These results indicate that the direct price of future pig feed will not increase significantly due
to elevated atmospheric CO2. However, it may, very well increase due to other circumstances, e.g.,
increasing prices on land, energy, fertilizers and pesticides, transport, manufacture, and increased
demand. If the demand for protein in animal feed continues to rise, the price of soy is likely to go up,
and soy in European pig feed may be replaced with other protein sources combined with an increased
application of industrial amino acids. However, all of these circumstances are impossible to foresee in
any detail, and are not directly related to the rising atmospheric CO2.
3.4. External Environmental Cost
In the future, the external cost that is associated with the environmental impact of growing crops
may be included in the actual cost of food and feed according to “the polluter pays principle” [40],
significantly increasing the current price for compound pig feed. This in itself makes calculations of
external cost of pig feed production relevant.
Figure 3 shows the monetized environmental impact using the stepwise normalization
methodology [13] for the four most important impact categories, and the sum of 12 other categories.
As indicated in Figure 3 (and further detailed in Figure S11 and S12 in Supplementary), the cost of
the overall environmental externalities of one tonne of pig feed is estimated at €236.05 for the present
CO2, and at €235.26 for the future CO2, i.e., €0.79 or 0.3% less than feed produced today. These results
indicate that elevated CO2 will not increase the external environmental costs of pig feed.
As highlighted in Table 3 and Figure 3, the external socio-economic costs of producing compound
pig feed are in the same order of magnitude as the direct costs of pig feed. In fact, internalizing the
environmental externalities of producing pig feed nearly doubles the present (direct) cost of pig feed,
which is a vast price increase if the Rio Declaration is to be taken seriously [48].
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Figure 3. Breakdown of the monetized environmental impact results per ingredient. The white dots
represent the net value of the environmental impact, i.e., the positive minus the negative values.
Eq: equivalents; PM2.5: ultrafine particles; AA ferment.: amino acids produced by fermentation
(lysine, threonine, tryptophan).
Figure 3 (as Figure 2 and the extended Figures S9–S12 in Supplementary) highlights soy as a main
contributor to most of the environmental impact categories, whereas for natural occupation, sunflower
is the major contributor. Figure 3 also highlights the important contribution of the natural occupation
category, when environmental impacts are translated into a common monetized environmental impact,
which explains why the overall high environmental cost of sunflower is associated with a low yield.
Per tonne of pig feed, soy has the largest environmental impact in monetary terms, followed by
sunflower (Table 4). However, relative to their content in pig feed, sunflower has an 11-times higher
(specific) impact and soy has a seven-times higher (specific) impact compared with wheat, barley,
or rape (Table 4).
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Table 4. The relative importance of crops in one tonne of feed at the present CO2 in terms of monetized
environmental impact. Due to the negative environmental impact that amino acids and some crops
have for various impact categories, the sum of the crop impact percentages surpasses 100%.
Importance of Crop Ingredients in Terms of Monetized Impact Wheat Barley Soy Rape Sunflower
Content, kg per tonne of feed (see Table 2) 480 250 92 68 42
Monetary weight of environmental impact, % 25 18 35 5 23
Monetized environmental impact relative to kg content, % 5.2 7.2 38.3 6.9 54.2
Factor of the above 1 1 7 1 11
In the context of a worldwide growing population with growing food and energy needs
(e.g., reference [49]), alternative strategies to minimize the amount of land that is used for food,
feed, or bioenergy are urgent. The main ingredients in compound pig feed could just as well be
consumed directly by humans. A pig consumes 2.5 times its weight gain in terms of pig feed before
only part of the pig ends up as food for humans (bones, head, and entrails are wasted). In a world with
a growing population and with about 800 million people starving, a more plant-based diet would make
sense, in terms of increasing food production, increasing the availability of bioenergy, and reducing
the environmental impact of global agriculture.
According to Table 4, future pig feed recipes ought to consider a reduced use of sunflower and
soy as protein crops. Whether rape or non-crop ingredients (e.g., industrial amino acids, insect-based
protein) would be a better environmental choice could be the object of future investigations. However,
since the value of protein in animal feed relies on the amino acid composition, it is important to
consider balancing the overall amino acid composition of the pig feed to suit the needs of pigs. In this
sense, industrial amino acids have a clear advantage, although economically it may not be the best
solution measured in the present commodity prices (as in this study). On the other hand, if and when
the cost of environmental impacts is included in the price of pig feed, it may likely be an advantage to
include more industrial amino acids in the feed.
An alternative or supplement to the above-mentioned solutions could be to include genetically
modified grain crops. These crops would need not only to contain more protein—which may in itself
be useless—but rather, they should contain more of the limiting amino acids for the better digestibility
of the protein in the feed.
3.5. Limits and Uncertainties
One limit of this study is that it focused only on the effect of elevated CO2 to represent the future
conditions under which pig feed will be produced. In fact, higher atmospheric CO2 is not the only
global change to determine the yield and the chemical composition of crops in the future. With elevated
CO2 follows elevated temperature and altered patterns of precipitation (10). Typically, crop yields
respond positively to both elevated CO2 and moderate (1–3 ◦C) temperature increases, but negatively
to high (i.e., above 3 ◦C) temperature increases [47,50]. Moreover, the response depends on the plant
species, water availability, humidity, wind, soil type, etc.
Furthermore, it has been highlighted that the current and anticipated elevated concentration
of ground-level ozone may likely decrease plant productivity [51]; and contrary to elevated CO2,
ozone increases grain protein concentration [51].
Thus, the results of this study are not to be seen as representative of the future state of global
climate and meteorological conditions (data for this is as yet unavailable), but rather as an illustration
of the cascading consequences that any change in crop yield and composition (which is in this case
triggered by an increase in atmospheric CO2) can have for pig feed formulation. As for any LCA,
the results of this study are closely linked to the quality of the inventory data and assumptions taken.
For example, no changes in amino acid composition were considered for barley and soy as a result of
elevated CO2, because no data or reliable estimations could be found. Further, the overall changes
in yield and chemical composition considered (Table 1) are based on the best state-of-knowledge,
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as available FACE experiments results are still scarce. Thus, this study would considerably benefit from
a greater availability of such data. Nevertheless, the study provides a solid framework for assessing
the consequences of a changed crop composition due to the effect that elevated atmospheric CO2
would have on pig feed, which has not, to authors’ knowledge, been available so far.
Another limit is that the changes in manure composition resulting from a change in feed
composition have not been taken into account. Feed containing less protein from cereals, which are
difficult to digest, and more easily digestible protein from e.g., soy or rapeseed meal, involves a better
digestion, and thus a reduction in excreted N. This could have consequences for the subsequent use
of the manure as a fertilizer, as it would involve a reduced potential for the emission of N flows
(e.g., ammonia, nitrous oxide, nitrate losses). Based on Table 2, these induced changes in manure
composition would likely have induced additional benefits for the future pig feed, which comprises
significantly more soymeal and less wheat.
One of the most important sources of uncertainty probably lies in the estimation of the
environmental consequences generated by land-use changes. As clearly emphasized in several
publications, e.g., references [52–54], the estimation of land-use changes, particularly ILUC,
involves multiple sources of uncertainty. In the explorative deterministic approach used in this
study, one main source of uncertainty lies in the choice of the market that would react to a changed
demand for the different crop ingredients presented in Table 2, i.e., the choice of the marginal crops
and their geographical location. Further, as expressed by e.g., reference [52] there is also uncertainty
related to the actual C stock in the biomes converted. On the other hand, the strength of the approach
used in this study lies in its transparency. In fact, the assumptions used in the deterministic model
can be easily changed to reflect different possible futures with regard to how the land market could
develop. However, such assessment is beyond the scope of this study. Nevertheless, it should be
highlighted that although the actual magnitude of environmental impacts related to land-use changes
is uncertain, the potentiality of adverse effects arising from it is hardly subject to dispute [25,53].
Finally, we draw the attention to the work by Dijkman et al. [55], where the environmental
impact of barley cultivation under current and future climatic conditions is analyzed using aLCA.
Dijkman et al. [55] found that a predicted decrease in barley yields under future climate conditions is
the main driver for increased impacts. An increased impact was not substantiated by the present study
based on cLCA and including all of the ingredients of compound pig feed.
4. Conclusions
The main findings and highlights of this study can be summarized as follows:
• A methodological framework was developed in order to assess the cascading environmental
consequences that a change in crop yield and chemical composition (triggered by an increase in
atmospheric CO2) can have for pig feed formulation, including land-use change consequences.
• The positive environmental effect of elevated CO2 on crop yield (carbohydrates) was counterbalanced
by a need for increased soy content in pig feed, and the land-use that consequences this generated.
Therefore, the net effects are close to zero.
• The four most important environmental impact categories in pig feed production under current
and future atmospheric CO2, as determined by the stepwise normalization methodology,
were human toxicity in terms of non-carcinogenic toxicity and respiratory inorganics,
natural occupation, and global warming.
• The monetized environmental impact (shadow price) of compound pig feed produced today
(€236.05 per tonne) was found to be of the same order of magnitude as the direct price of compound
pig feed (€250.39 per tonne). Internalizing the cost of environmental impacts would nearly double
the price of pig feed if the Rio Declaration was to be honored.
• Since the protein crops (soy, rape, and sunflower) account for about 60% of the overall
environmental impact of pig feed, it is important to optimize their content in a future with
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expected growing demands for food and bioenergy (and thus for land). In this context, it is
important to optimize the protein content in the feed based on the limiting amino acids in each
crop rather than on total protein.
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